inhibitor of ubiquitin-dependent degradation in multiple experimental settings.
The specificity of ubistatin A for K48-linked ubiquitin chains suggested that it might bind at the Ub-Ub interface, which is well defined in K48-linked chains but is not present in K63-linked di-ubiquitin (Ub 2 ) (22) . We performed nuclear magnetic resonance (NMR) titration studies of K48-linked Ub 2 by using a segmental labeling strategy (23) . Well-defined site-specific perturbations were observed in the resonances of the backbone amides of both Ub units in Ub 2 (Fig. 3) , indicating that the hydrophobic patch residues L8, I44, V70 (24) , and neighboring sites (including basic residues K6, K11, R42, H68, and R72) experienced alterations in their molecular environment upon binding of ubistatin A. The same hydrophobic patch is involved in the formation of the interdomain interface in Ub 2 (23, 25) and mediates the binding of ubiquitin to multiple proteins containing CUE (coupling of ubiquitin conjugation to ER degradation), UBA, and UIM domains (17) . At the high concentrations of compound used in the NMR titration experiments, ubistatin A induced a similar pattern of chemical shift perturbations in monomeric ubiquitin, suggesting that the effect of ubistatin A on Ub 2 arises from its direct binding to the hydrophobic patch and the basic residues around it. The same sites are perturbed when ubistatin A binds tetra-Ub chains (26) .
Although there is intense interest in developing drugs for defined molecular targets, it is often difficult to know a priori which proteins can be most effectively targeted with small molecules. Our study demonstrates that chemical genetic screens in complex biochemical systems such as Xenopus extracts can identify small-molecule inhibitors that act through unexpected mechanisms. Although target identification remains challenging, our work highlights the value of reconstituted biochemical systems to illuminate the mechanism of action of inhibitors discovered in unbiased screens. The recent approval of the 20S proteasome inhibitor Velcade (Millenium Pharmaceuticals, Cambridge, MA) for treatment of relapsed multiple myeloma (27) has suggested that the ubiquitin-proteasome system is an attractive target for cancer drug development. The identification of ubistatins indicates that the ubiquitin chain itself provides another potential opportunity for pharmacological intervention in this important pathway. 
*
The Golgi enzyme "1,6 N-acetylglucosaminyltransferase V (Mgat5) is upregulated in carcinomas and promotes the substitution of N-glycan with poly N-acetyllactosamine, the preferred ligand for galectin-3 (Gal-3). Here, we report that expression of Mgat5 sensitized mouse cells to multiple cytokines. Gal-3 cross-linked Mgat5-modified N-glycans on epidermal growth factor and transforming growth factor-" receptors at the cell surface and delayed their removal by constitutive endocytosis. Mgat5 expression in mammary carcinoma was rate limiting for cytokine signaling and consequently for epithelial-mesenchymal transition, cell motility, and tumor metastasis. Mgat5 also promoted cytokine-mediated leukocyte signaling, phagocytosis, and extravasation in vivo. Thus, conditional regulation of N-glycan processing drives synchronous modification of cytokine receptors, which balances their surface retention against loss via endocytosis.
Co-translational modification of proteins in the endoplasmic reticulum by N-glycosylation facilitates their folding and is essential in single-cell eukaryotes. Metazoans have additional Golgi enzymes that trim and remodel the N-glycans, producing complex-type Nglycans on glycoproteins destined for the cell surface. Mammalian development requires complex-type N-glycans containing N-acetyllactosamine antennae, because their complete absence in Mgat1-deficient embryos is lethal (1, 2) . Deficiencies in Nacetylglucosaminyltransferase II and V (Mgat2 and Mgat5) acting downstream of Mgat1 reduce the content of N-acetyllactosamine, and mutations in these loci result in viable mice with a number of tissue defects (3, 4) . Nglycan processing generates ligands for various mammalian lectins, but the consequences of these interactions are poorly understood. The galectin family of N-acetyllactosaminebinding lectins has been implicated in cell growth, endothelial cell morphogenesis, angiogenesis (5), cell adhesion (6), and cancer metastasis (7) . Galectins are expressed widely in metazoan tissues, located in the cytosol and nucleus, and secreted by a nonclassical pathway to the cell surface (8) . Galectin-3 (Gal-3) binds to poly-Nacetyllactosamine (i.e., a polymer of Gal$1,4GlcNAc$1,3) with higher affinity than to the more ubiquitous N-acetyllactosamine antennae (9) , and Mgat5 controls production of these larger polymers by producing the preferred intermediate for their addition ( fig. S1A) (10) . The nonlectin N-terminal domain of Gal-3 mediates pentamer formation in the presence of multivalent ligands, thereby cross-linking glycoproteins in proportion to ligand concentrations (11) . The resulting superstructure of galectins and glycoproteins at the cell surface generates a molecular lattice. Mgat5-modified Nglycans on T cell receptors bind Gal-3, which opposes antigen-dependent clustering and suppresses autoimmune disease (12) . Here, we examine the possibility that Mgat5-modified N-glycans on cytokine receptors oppose constitutive endocytosis by retaining surface receptors where membrane remodeling is active, notably in tumor cells and monocytes (model in fig. S1B ).
The Mgat5-deficient background suppresses the oncogenic potency of a polyomavirus middle T oncogene (PyMT) transgene in mice (4) . The PyMT protein is a cytosolic scaffold that promotes Src, phosphatidylinositol (PI) 3-kinase, and Shc/Ras activation (13) , but activation of these intracellular pathways remains partially dependent on host cell responses to extracellular stimuli and to Mgat5-modified N- glycans (4). To explore this interaction, we isolated mammary epithelial tumor cells lines from PyMT transgenic mice on Mgat5 j/j and Mgat5 þ/þ backgrounds and compared their responsiveness to growth factors by measuring phosphorylation and nuclear translocation of extracellular signal-regulated kinase (Erk) (Fig.  1A and fig. S2 ). Mgat5 j/j tumor cells were less responsive than Mgat5 þ/þ cells to epidermal growth factor (EGF), insulin-like growth factor (IGF), platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF), and fetal calf serum, but infection of the cells with a retroviral vector encoding Mgat5 restored responsiveness (Fig. 1B and fig. S3 ). These cytokine receptors are all highly Nglycosylated with 8 to 16 N-glycosylation sites (N-X-S/T). Characterization of EGF receptors (EGFR) in carcinoma cells has revealed 10 to 12 occupied sites, and a subset of the N-glycans are Mgat5-modified and extended with poly-Nacetyllactosamine (14) . The transforming growth factor-$ (TGF-$) receptors T$RI and T$RII have only one and three N-X-S/T consensus sites, respectively. Mgat5 j/j cells displayed a two-to threefold decrease in sensitivity to TGF-$ compared with the È100-fold decrease in sensitivity to EGF, PDGF, IGF-1, and FGF, supporting the notion that both Golgi processing (i.e., Mgat5 and poly-N-acetyllactosamine) and the number of N-glycans per receptor are important (Fig. 1, B and C, and fig. S3 ).
Next we probed the cell surface with a chemical cross-linker, which revealed that EGFR was associated with Gal-3 on the surface of Mgat5 þ/þ cells whereas this interaction was greatly reduced on Mgat5 j/j cells ( Fig. 2A) . Pretreatment of Mgat5 þ/þ tumor cells with lactose, a competitive inhibitor of Gal-3 binding, blocked (Fig. 2B) . Thus, surface residency of both Gal-3 and glycoprotein receptors displays a dependency on Mgat5 modification of the receptor N-glycans.
Receptor density at the cell surface is influenced by rates of de novo production, endocytosis, recycling, and degradation (15) . Scatchard analysis revealed sixfold fewer EGFRs at the cell surface in mutant cells (Fig. 2C) , although total EGFR amounts were not different between Mgat5 þ/þ and Mgat5 j/j cell lysates (Fig. 2A) . (16) . Mgat5 j/j cells displayed fourfold greater co-localization of EGFR with EEA-1, an early endosomal marker (Fig. 2D and fig. S6A ). Pretreatment of Mgat5 þ/þ cells with lactose but not sucrose promoted receptor accumulation in the endosomes, mimicking the distribution observed in untreated Mgat5 j/j cells and providing further evidence that receptors are anchored at the cell surface by the lattice. In the absence of the lattice, receptor amounts increase in the early endosomes, possibly because of reduced trafficking downstream of receptor tyrosine kinase signaling (17) . Lastly, the Mgat5 j/j signaling deficiency could be rescued by K þ depletion and nystatin treatment, agents that inhibit endocytosis (Fig. 2E and figs. S2C and  S4 ). This chemical rescue of signaling was comparable to a genetic rescue using Mgat5, whereas a mutated Mgat5 ELys 188 Y Arg 188 (L188R)^that could not enter the Golgi failed to rescue signaling (Fig. 2E) .
Ligand binding and autophosphorylation of EGFR stimulates clathrin-dependent EGFR endocytosis, where signaling is briefly amplified and then followed by transit of receptors to recycling or proteolytic compartments (18) . In contrast, T$RII internalization is ligandindependent and occurs via both clathrin-and caveolae-dependent pathways (19) . In spite of the differences between T"R and EGFR receptor dynamics, their regulation by the lattice was qualitatively similar. T$RII receptors associate with Gal-3 in an Mgat5-dependent manner, and the interaction could be blocked by lactose (fig. S6A) . TGF-$ signaling in mutant cells was restored by infection with the Mgat5 retroviral vector and by blocking endocytosis with the use of K þ depletion and nystatin (Fig. 3A and fig. S5B ). Total T$RII amounts were similar in mutant and wild-type cells, but more were localized to endosomes and less were at the surface in mutant cells (figs. S5C and S6B). Binding of 125 I-labeled TGF-$1 to surface T$RII was reduced 2.3-fold, whereas binding to T$RI was unchanged, an effect consistent with the number of N-X-S/T sites per receptor (i.e., three and one, respectively) (Fig. 3, B and C) . We conclude that cytokine receptors are cleared from the surface of Mgat5 j/j cells more rapidly but are delayed in the early endosomes compared to Mgat5 þþ cells.
Epithelial-mesenchymal transition (EMT) in epithelial cancers is characterized by the loss of adhesion junctions, increased membrane remodeling, and metastasis (20) . The Mgat5 þ/þ tumor cells displayed EMT with loss-of-adhesion junctions, a fibroblastic morphology with lamelipodia containing active signaling, and reduced contact inhibition in a scratch-wound assay (Fig. 3D) . In contrast, Mgat5 j/j tumor cells retained an epithelial morphology characterized by Ecadherin localization in cell adhesion junctions, cortical actin stress fibers, small focal adhesions, and strong contact inhibition of growth. EMT could be induced in Mgat5 j/j by infecting the cells with a retroviral vector for expression of Mgat5. In vitro, wild-type and Mgat5-rescued mutant cells displayed greater cell motility (Fig. 3E) , and in vivo these cells produced significantly greater numbers of lung tumor metastases, than Mgat5 j/j cells (Fig. 3F) . We conclude that Mgat5 is necessary for EMT and supplies positive feedback through cytokine receptors to Ras, PI3 kinase, and Smad2 and 3 signaling (20) . The Ras-Raf-Ets pathway positively regulates Mgat5 transcription (21) . TGF-$ signaling also stimulates Mgat5 expression in mesenchymal cells (22), and we confirmed that TGF-$ increased the surface expression of Mgat5-modified N-glycans ( fig. S5E ). TGF-$ induces its own gene expression as well as that of other cytokines, and, cumulatively, these sources of positive feedback appear to maintain the EMT-invasive phenotype. Suppressors of constitutive endocytosis other than the lattice described here may promote tumor progression. In this regard, the metastasis suppressor protein Nm23-H1 is a nucleotide diphosphate kinase that supplies guanine triphosphate (GTP) to the small guanine triphosphatase (GTPase) dynamin required for membrane invagination (23).
These observations suggest that a transformation-associated increase in membrane remodeling and endocytosis may require the lattice to protect receptors at the surface. We found that nontransformed Chinese hamster ovary (CHO) cells and the lectin-resistant cell lines Lec1 and Lec8 all displayed similar responses to TGF-$, suggesting the lattice was not required (fig. S7A) . The Lec1 and Lec8 cell lines are deficient in Mgat1 and Golgi uridine 5 ¶diphosphate-Gal transporter activity, respectively, and consequently depleted for poly-Nacetyllactosamine and presumably the lattice. However, when these cell lines were transformed with polyomavirus large T (designated CHOP), signaling was significantly greater in the wildtype cells compared to the transformed Lec mutants ( fig. S7B ). To explore this with other cell lines, we treated transformed and nontransformed cells with swainsonine, a Golgi "-mannosidase II inhibitor that blocks processing upstream of Mgat5. Swainsonine reduced TGF-$ responsiveness in B16F10 murine melanoma cells and SW620 human colorectal cancer cells but not in nontransformed murine epithelial NMuMG cells ( fig. S7, C to F) .
The motile and highly endocytic phenotype of activated macrophages is similar in this regard to tumor cells and may require the lattice to retain surface cytokine receptors. We examined this possibility by using lipopolysaccharide (LPS)-elicited peritoneal macrophages and determined that endogenous phospho-Smad2 and -Erk2 and 3, as well as acute responses to TGF-$ and serum, were suppressed in Mgat5 j/j cells (Fig. 4, A and  B) . Furthermore, binding of 125 I-labeled TGF-$1 to surface receptors was reduced in Mgat5 j/j macrophages, characteristic of the Mgat5-deficient phenotype observed in tumor cells ( fig. S5F) . Early in the injury response, cytokines stimulate leukocyte migration, and subsequently TGF-$ attains amounts that suppress the inflammatory process (24) . Consistent with this chronology, we observed that skin inflammation induced by either arachidonic acid or phorbol ester was delayed in both its onset and its resolution phases in Mgat5 j/j mice (Fig. 4C) . Similarly, the initial rate of leukocyte extravasation into the peritoneal cavity in response to an injection of thioglycollate was impaired in Mgat5 j/j mice (Fig. 4D) , demonstrating that Mgat5 regulates leukocytes motility. Phagocytosis of latex beads by Mgat5 j/j macrophages was reduced. The PI3 kinase inhibitor wortmannin reduced phagocytosis in wild-type macrophages but did not suppress further in Mgat5 j/j cells (Fig. 4E) . Thus, the lattice promotes responsiveness to extracellular cytokines in this example of a nontransformed but endocytic cell type. Mgat5 modification of Nglycans on integrins and other adhesion receptors may also influence membrane remodeling and extracellular matrix assembly (25) . Lattice-dependent regulation of receptors occurs primarily at the cell surface, is dependent on Golgi enzyme activities and the number of N-glycans per receptor, and opposes receptor loss to endocytosis ( fig. S1B ). Receptor tyrosine kinases activate Rab5, a small GTPase required for endocytosis (17) , thereby promoting receptor loss, whereas our results show that positive feedback from signaling to the Golgi pathway strengthens the lattice, thereby maintaining cytokine responsiveness. Lastly, we speculate that genetic and environmental factors that regulate the integrity of the lattice should influence the decline in surface cytokine receptors known to occur with aging (26, 27) The cascade of events that leads to vaccinia-induced actin polymerization requires Src-dependent tyrosine phosphorylation of the viral membrane protein A36R. We found that a localized outside-in signaling cascade induced by the viral membrane protein B5R is required to potently activate Src and induce A36R phosphorylation at the plasma membrane. In addition, Src-mediated phosphorylation of A36R regulated the ability of virus particles to recruit and release conventional kinesin. Thus, Src activity regulates the transition between cytoplasmic microtubule transport and actin-based motility at the plasma membrane.
The microtubule cytoskeleton provides many viruses with an efficient way to reach their site of replication, as well as a means for newly assembled viruses to leave their unwilling host (1, 2). In the case of vaccinia virus, recruitment of conventional kinesin by intracellular enveloped virus (IEV) particles results in their microtubule-dependent transport from perinuclear assembly sites to the cell periphery (3-7). Upon reaching the plasma membrane, vaccinia induces localized actin polymerization that acts to enhance cell-to-cell spread of the virus (4, 5, (7) (8) (9) . Vaccinia actin tail formation, which occurs beneath the extracellular cellassociated enveloped virus (CEV) at the plasma membrane (4, 5, 10), appears to mimic receptor kinase signaling at the leading edge of motile cells (11) (12) (13) (14) . Src-dependent phosphorylation of Tyr 112 and Tyr 132 of A36R results in the generation of binding sites for the SH2 (Src homology 2) domains of the adapter proteins Nck and Grb2, respectively (11, 14) . Nck is recruited to the virus as a complex with WASP interacting protein (WIP) and N-WASP; this complex is stabilized by additional interactions with Grb2 (11, 12, (14) (15) (16) . Ultimately, recruitment of N-WASP leads to stimulation of the actin-nucleating activity of the Arp2/3 complex and actin tail formation (13) . To address how the microtubule and actin phases of virus transport are coordinated at the plasma membrane, we examined the regulation of A36R phosphorylation, which is the most upstream event of actin tail formation. Src activity is required for actin tail formation (11), but it is not clear whether A36R is a Src substrate. In in vitro kinase assays using purified components, Src was able to phosphorylate Tyr 112 of A36R (residues 24 to 118) directly, and this led to the binding of Nck (Fig. 1A ) (17) . Neither Src-mediated phosphorylation of A36R (residues 24 to 118) nor the subsequent binding of Nck disrupted its interaction with conventional kinesin in vitro (18) (Fig. 1A) . Endogenous Src kinase was localized beneath CEV particles that were promoting actin polymerization. Src kinase recruited to CEV was also phosphorylated at Tyr 418 , indicating the active conformation of the kinase (Fig.  1B) . Activated Src was not detected on kinesin-positive IEV or in cells that lack Src (Figs. 1C and 2A) (17) . To determine whether A36R phosphorylation was restricted to the plasma membrane in response to Src recruitment, we raised antibodies against a phosphopeptide corresponding to Tyr 132 of A36R (anti-A36R-Y132PO 4 ) (17). Anti-A36R-Y132PO 4 detected a signal beneath actin tail-inducing CEV at the plasma membrane, but not on A36R-Y132F virus (Fig. 1,  D and E) . No signal was observed with anti-A36R-Y132PO 4 on kinesin-positive IEV in the cytoplasm (Fig. 2C) . The pattern of A36R phosphorylation reflected a subset of the total distribution of A36R, which was also observed on the perinuclear trans-Golgi network as well as on IEV being transported to the plasma membrane on microtubules (Figs.  1D and 2C) . The absence of a signal on kinesin-positive IEV suggests that Srcmediated phosphorylation of A36R occurred only when the virus reached the plasma membrane, and not before.
To confirm that Src recruitment and activation occur upstream of A36R phosphorylation, we looked for evidence of the presence of the kinase on A36R-YdF virus particles that cannot induce actin tails because Tyr 112 and Tyr 132 of A36R have been mutated to Phe (5 
